Cardiac hypertrophy in hypertensive subjects, its biochemical markers, and functional consequences are of great clinical importance but still unclear. We observed a shift of the ventricular isomyosin of adult spontaneously hypertensive (H) rats of both sexes to the V 3 form and a decreased myofibrillar ATPase activity in the H animals when compared to normotensive (N) controls. Compared to the male H rats, age-matched female H animals revealed a lower blood pressure, the same or even an elevated magnitude of cardiac hypertrophy, a different ventricular isomyosin pattern, and a higher myofibrillar ATPase activity. In female H rats the Vi and V 3 isomyosins were equally distributed (35% V, and 35% V 3 ), but in male H animals the V 3 was predominant (24% V, and 45% V 3 ). The Ca A LEAST two types of myosin heavy chains exist in the ventricle of rats, a and /3, forming myosin molecules of aa-homodimer, a/3-heterodimer, or /3/3-homodimer corresponding to V,, V 2 , and V 3 isomyosin, respectively, following the nomenclature of HOH et al.
A LEAST two types of myosin heavy chains exist in the ventricle of rats, a and /3, forming myosin molecules of aa-homodimer, a/3-heterodimer, or /3/3-homodimer corresponding to V,, V 2 , and V 3 isomyosin, respectively, following the nomenclature of HOH et al.
u Pure rat-V 3 isomyosin revealed a lower Ca 2+ -and actin-activated myosin and myofibrillar ATPase activity than pure rat V,. 3 This correlation between isomyosin distribution and ATPase activity was verified by several authors. * " 9 The ventricular isoenzyme pattern of myosin correlates furthermore with the unloaded shortening velocity of the papillary muscle of the rat 10 and rabbit." Delcayre and Swynghedauw 12 showed in 1975 that the smaller the animal species the faster the velocity of cardiac contraction and the higher the myosin ATPase activity. The proportion of these isoenzymes has been demonstrated to change with age, 13 with changes in the thyroid 1 and androgenic 14 state, with diabetes, 13 and with changes in the physical condition by swimming training* 16 and sympathetic stimulation. 1718 Hypertension -experimentally produced or genetically deter-mined -led to a shift of the ventricular isomyosins to the isoenzyme with low ATPase activity, that is the V 3 form. 4-6 ' 16 ' 19-22 A different degree of hypertension distinguishes male spontaneously hypertensive rats showing a higher blood pressure compared to age-matched female spontaneously hypertensive rats. 23 Therefore, we examined whether ventricular isoenzyme distribution and myofibrillar ATPase activity varies with hypertension.
The reaction of Ca 2+ with myofibrils is a highly cooperative process. 2423 We investigated the myofibrillar ATPase activity at maximum Ca 2+ activation and several submaximal Ca 2+ concentrations and calculated the Hill coefficient to evaluate the degree of cooperativity between Ca 2+ and the myofibrillar ATPase activity as a function of ventricular isomyosin distribution.
Both the peripheral resistance and the reactivity of the vascular smooth muscle are abnormal in the hypertensive state (see Bohr and Webb 26 for review). Thus, alterations of the calcium sensitivity of isometric tension development of blood vessels in response to different Ca 2+ concentrations with norepinephrine or high KC1 as stimulus have been observed in hypertensive rats. A depressed 27 as well as an increased 28 calcium sensitivity have been reported. It has been suggested that the calcium handling properties, e.g., the calcium removal mechanisms, 29 are changed in hypertensive rats compared to normotensives. Alternatively, a change in the regulatory mechanisms of the contractile system may underlie the alterations in calcium sensitivity in the hypertensive state.
As the existence of myosin isoforms in the smooth muscle has recently been demonstrated by BeckersBleukx and Marechal, 30 it was interesting to study whether abnormal behaviour of the vascular smooth muscle of hypertensives is associated with an altered isomyosin pattern. To our knowledge, this is the first study on vascular smooth muscle isomyosins of hypertensive animals.
Materials and Methods
We used 26-week-old male and female rats of the Stroke Prone strain (SHRSP) bred in Heidelberg since 1975 as a model of spontaneous hypertension. The normotensive animals used as controls were of the Wistar-Kyoto strain. Systolic arterial pressure was determined by use of the tail-cuff technique.
Sample Preparation
The animals were killed by cervical dislocation. CARDIAC MUSCLE. The hearts were excised, opened, washed with saline, blotted, and weighed. The atria were removed and the ventricles quickly frozen in liquid nitrogen and stored for not longer than one week at -70°C.
BLOOD VESSELS. The portal vein and the descending limb of the aorta were excised, washed with saline, blotted, and frozen in liquid nitrogen. The vessels were stored at -70°C.
Preparation of Myofibrils
Cardiac myofibrils were prepared from frozen ventricles according to the method of Solaro et al. 31 The myofibrils were stored on ice overnight in 10 mM imidazole, 0.2 mM DTE, pH 7.0 and were used the next day to determine their myofibrillar ATPase activities.
Myofibrillar ATPase Activity
Ca 2+ -stimulated Mg 2+ -dependent myofibrillar ATPase activities were measured at 25° C at different Ca 2+ concentrations as previously described. 32 1 mg protein/ml of myofibrils were assayed in 4 mM MgCl 2 , 25 mM imidazole, 50 mM KC1, 1 mM ATP, pH 7.0. The Ca 2+ concentrations were adjusted by mixing 4 mM EGTA and 4 mM Ca-EGTA in appropriate proportions. The free Ca 2+ concentrations were calculated with a computer program similar to that reported by Fabiato and Fabiato. 33 The protein concentrations were determined by the biuret method.
The release of inorganic phosphate (P,) was determined every minute for 5 minutes and plotted versus time. P; was determined by the Fiske-Subbarow method. 34 The P, release was linear within the time interval measured. The enzymatic activity was calculated from the slope of the line and expressed as nmol P/mg protein/min. The individual ATPase activity at low Ca 2+ concentration (pCa 8) was subtracted from the ATPase activities obtained at higher Ca 2+ concentrations. The resulting activities were designated as the "Ca 2+ -regulated myofibrillar ATPase activities".
Pyrophosphate Gel Electrophoresis
Pyrophosphate gel electrophoresis was carried out as described. 1 The ventricles were crushed in liquid nitrogen and extracted for 20 minutes at +4°C with 3.4 /til/mg muscle weight of a modified Guba-Straub solution (0.3 M KC1, 0.1 M NaPO,, 1 mM MgCl 2 , 10 mM Na 4 P 2 O 7 . 10 mM EDTA, 1% NaN 3 (w/v), 1%, £-mercaptoethanole, pH 6.5). The blood vessels were crushed in liquid nitrogen and extracted with 1.5 /xl/mg muscle weight of the same Guba-Straub solution, with the exception that the pH was adjusted to 8.5. The crude myosin extracts were mixed 1:1 with glycerol and stored at -20°C.
The electrophoresis was performed in 4% polyacrylamide gels using a Pharmacia GE-4 apparatus which allows circulation of the upper and lower chamber buffers (both contained 20 mM Na 4 P 2 O 7 , 1 mM EDTA, 10% glycerol (v/v), and 0.1% /3-mercaptoethanol (v/v), pH 8.5). The temperature was maintained at + 1°C. The electrophoresis was run for 20 hours at 84 V (constant voltage). The gels were stained for 30 minutes in 0.025% Coomassie brilliant blue R-250, 10% methanol, and 7% acetic acid, and destained in 7% acetic acid.
The destained gels were scanned with a high resolution densitometer (Beckman spectrophotometer Acta M VI). The areas of the peaks were evaluated geometrically. The relative amount of the individual isoenzyme was expressed as percentage of the total sum of areas under the entire trace.
Statistical Analysis
Results are expressed as means ± SD or SEM. The data of the normalized pCa-ATPase relation were fitted to the Hill-equation. Regression lines were calculated using the method of least squares.
Results
The blood pressure of male and female spontaneously hypertensive rats (H) was higher than that of agematched normotensive animals (N). Male H rats revealed a higher blood pressure than age-matched female H animals.
Compared to the age-matched N animal group the body-to-heart weight relation decreased in both H groups by a factor of 0.75 for male and 0.79 for female animals ( Table 1) . These results suggest the same magnitude of cardiac hypertrophy in both H sexes. If the H groups were compared, the female rats revealed a greater degree of cardiac hypertrophy than the male animals ( Table 1) . Hypertension was associated with a shift of the ventricular myosin isoform pattern. In 26-week-old N rats the relative distribution of the myosin isoenzymes was essentially V1>V2>V3 for both sexes (51% VI, 23% V3). Hypertension changed this pattern to VKV2<V3 in the case of male H rats (26% VI, 45% V3) and to VI = V2 = V3 in female H rats (35% VI; 35% V3) (Figure 1 ). Normotensive 4-week-old rats possessed exclusively the VI isoenzyrae.
The maximum Ca 2+ -regulated myofibrillar ATPase activity [ATPase activity corrected for the ATPase activity present in low Ca 2+ concentration (pCa 8)] obtained at pCa 5 was positively correlated with the isomyosin distribution: the higher the VI-portion the higher the ATPase activity (Table 1, Figures 2 and 3) . However, at submaximal Ca 2+ concentrations (pCa 6.9-6.2) the Ca 2+ regulated myofibrillar ATPase activity was the same in each group (Figure 2) . When normalized to the maximal value, the ATPase-pCa relation of the male H rats (24.4% VI, 47.3% V3) showed a higher sensitivity at submaximal Ca 2+ concentrations compared to the ATPase-pCa relation of 4-week-old (100% VI) male normotensive rats (Figure 4) .
With the female H (35% VI, 35% V3) the normalized ATPase-pCa relation fell between the values of the ATPase-pCa relation observed in male N and H rats (Figure 4) .
In order to determine the Ca 2+ sensitivity and the degree of positive cooperativity of the Ca 2+ activations of myofibrillar ATPase activity we determined the pCa where halfmaximal activation occurred (pCa^) and the Hill-coefficient (n), respectively. Therefore, the normalized ATPase-pCa relations were fitted to the Hill equation. We found that the Hill value n varied with the mybsin isoenzyme pattern whereas the Ca 2+ sensitivity remained unchanged ( Table 2 ). The Hill coefficients were found to be 3.7 for 100% VI (4-week-old male N rats), 2.7 for 35% VI (26-week-old female H rats), and 1.3 for 26% VI (26-week-old male H rats). pCajo was always 6.0 (Table 2) .
FIGURE 1. Distribution of ventricular myosin isoenzymes of normotensive (N) and spontaneously hypertensive (H) male and female rats (upper panel
Two forms of vascular smooth muscle isomyosins were separated from crude myosin extracts of the rat: a fast migrating (S,) and a slow migrating (S 2 ) form ( Figure 5 ). Both forms revealed a higher mobility in the pyrophosphate gel than the three ventricular isomyosins ( Figure 5 ). The two smooth muscle isomyosin forms described above appeared in the aorta but not in the portal vein ( Figure 5 ). The single band of the portal vein comigrated with the S 2 -band ( Figure 5 ). The electrophoretic appearance of both types of vascular smooth muscle isomyosins did not change with hypertension: Normotensive as well as hypertensive rats revealed one band in the portal vein (not shown for hypertensive animals, see and two bands with the relative proportion of SŜ , = 9/1 in the aorta of male and female rats ( Figure 6 ).
Discussion
The reported observation that hypertension led to cardiac hypertrophy and redistribution of the ventricular isoenzymatic pattern to V3 is in close agreement with the findings of other groups. 461619 - 35 In one report, however, neither a change in the isoenzymatic distribution nor a change of myofibrillar ATPase activity could be observed in hypertensive rats when compared to age-matched normotensive animals. 36 Cardiac hypertrophy in rats produced by physical exercise (swimming) is characterized by a shift of the ventricular isomyosins to the VI form 616 while cardiac hypertrophy caused by running showed no altered isomyosin pattern. 3738 Application of digitoxin shifted the ventricular isomyosins towards the V3 isoenzyme without occurrence of hypertrophy. 17 These results demonstrate that the cardiac hypertrophy does not necessarily correlate with the isoenzymatic distribution. The female spontaneously hypertensive (H) rats showed a similar or even elevated magnitude of cardiac hypertrophy (body-to-heart-weight ratio) when compared to the male H rats. Pfeffer et al 39 also reported a greater degree of ventricular hypertrophy (left ventricle weight/body weight) of female H rats when compared to male H animals. The isoenzymatic distribution was distinctly different in hypertensive animals of both sexes: Female H rats displayed an equal distribution of the VI and V3 isomyosin (35% VI and 35% V3) while in agematched male H rats the V3 form was predominant (24% VI and 45% V3). The V3 isomyosin has been associated with an increased economy of tension development 40 and depressed oxygen consumption per gram dry weight per beat. 41 The fact that the V3 shift is less marked in female H compared to male H rats may suggest a disadvantage for the female heart in the hypertensive state. On the other hand it is known that female H rats sustain their cardiac pumping ability longer than age-matched male animals. 42 The myofibrillar ATPase activity at maximum Ca 2+ concentration was positively correlated with the proportion of V1. The observation has been reported earlier. 6 " 8 However, it was shown that the free Ca 2+ concentration in cardiac muscle attained during systole never reached a maximum level but led only to about half maximal activation. 43 Therefore, it was necessary to investigate the ATPase activity of the myofibrils at more physiological, i.e., submaximal, Ca 2+ concentrations. We found that the Ca 2+ regulated myofibrillar ATPase activity of predominantly V3 myofibrils at low Ca 2 + levels (pCa 6.9-6.2) was not diminished as it was for high Ca 2+ concentration. Therefore, the transformation of the myosin isoenzyme pattern to V3 as a response to pressure overload may be of no advantage with respect to the ATP consumption at low Ca 2+ . The different positive cooperativity of the myofibrillar ATPase activity with Ca 2+ may be the cause of the opposite behaviour of VI and V3 myofibrils in respect to maximal and submaximal Ca 2+ activation. This positive cooperative behavior correlated with the isoenzymatic distribution, i.e., the higher the VI-portion the greater the cooperativity. These findings are in contrast to the results of Rupp, 44 who did not find a difference between the positive cooperativity of VI myofibrils of 5-week-old rats and V3 myofibrils of hypothyroid rats with Ca 2+ . It is, however, possible that mixed myofibrils exhibit other properties concerning their cooperative behavior than pure myofibrils.
Thin filament protein interactions 44 have been proposed to be involved in the cooperative process. As the different ventricular myosin isoenzymes reveal different heavy chains 1245 we feel that the variable cooperativities detected with these distinct isomyosins would constitute a form of thick filament regulation of contraction in addition to regulation on the thin filament. Further, phosphorylation of the regulatory 18,000 dalton myosin light chain increased the sensitivity of the tension-pCa relation in cardiac 4 * and skeletal 47 muscle. The existence of myosin isoforms in the smooth muscle was recently demonstrated by Beckers-Bleukx and Marechal. 30 Using the same method we could separate two myosin isoenzymes by pyrophosphate gel electrophoresis of aorta myosin crude extracts but not of portal vein myosin crude extracts. This finding of two isoforms of myosin in the vascular smooth muscle is in accordance with Beckers-Bleukx and Marechal. 30 Phosphorylation of the myosin P-light chain 48 and/or the presence of filamin 49 may modulate the appearance of smooth muscle myosin isoforms in the native electrophoresis. However, the hypertensive state did not change the electrophoretic appearance of myosin of aorta and portal vein neither in male nor in female rats when compared with age-matched normotensive controls. So the proposed modulatory role of P-light chain phosphorylation and filamin on the electrophoretic appearance of smooth muscle myosin isoenzymes are of no relevance for this study.
The maximum force per unit cell area, stiffness, V^, and tension-dependent rate of metabolism were similar in the smooth muscle of spontaneously hypertensive and normotensive rats. 50 - 31 Further, the calcium requirement for the activation of chemically skinned smooth muscle preparations remained unchanged when hypertensive rats were compared to normotensive animals. 27 " These results suggest that altered calcium sensitivities of depolarized smooth muscle preparations 2728 reflect altered membrane properties rather than an altered regulation of the contractile system.
In summary: Hypertension did not lead to a general alteration of the myosin isoenzyme pattern of muscular tissues but had a more selective influence on the cardiac muscle of male and female rats. It remains to be seen whether the difference between male and female rats can be modified by hormonal stimulation.
